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The present study investigated the protective effect of acute vol-
ume expansion (25%) with isotonic saline, isotonic mannitol, and
hypertonic mannitol in a model of unilateral norepinephiine-in-
duced acute renal failure (ARF). Three hours following a 40-mm
intrarenal infusion of norepinephrine (NE) (0.75 sgIkg/min), inulin
clearance had fallen from a control value of 54.1 6.5 to 1.3 1.3
mI/mm in untreated dogs and fell similarly (P = NS) to 3.3 1.5
mI/mm mn animals preexpanded with 0.9% saline (0.75 mI/kg/mm).
In contrast, as compared to the untreated animals, inulin clearance
3 hr post NE infusion was significantly greater in dogs preex-
panded with 5% mannitol (9.2 2.5 mI/mm, P < 0.01), or 20%
mannitol (16.6 3.9 mI/mm, P <0.01). The protective effects of
5% and 20% mannitol were not statistically different from each
other. Recovery of renal excretory function in all groups, ex-
pressed as 3-hr post NE inulin clearance, correlated with the
magnitude of pre NE solute excretion rate (r = 0.6 12, P <0.001)
and osmolar clearance rate (r = 0.593, P <0.001), but not with pre
insult inulin clearance (r = 0.233, P = NS) or renal blood flow (r
= 0.249, P = NS). In the presence of a profound fall in inulin
clearance, proximal tubular (PT) pressures in untreated dogs 3 hr
post NE infusion achieved a value equal to control (26 11 vs. 25
2 mm Hg). In contrast, pretreatment with isotonic mannitol
produced a rise in PT pressure both before (45 4 mm Hg, P <
0.05) and 3 hr post NE infusion (38 5 mm Hg, P <0.05). In all
groups of animals, at both 3 and 24 hr post NE, tubular injury was
observed but glomerular architecture remained normal by light and
electron microscopy. Conclusion, the protective effect of mannitol
in this reversible model of ARF did not correlate with inulin
clearance, renal blood flow, extracellular fluid (ECF) volume, ECF
hypertonicity, or renal histologic changes but did correlate with
the solute excretion rate. The increased PT pressures with manni-
tol both before and after the NE insult could contribute to the
protective effect of attenuating any relative intratubular
obstruction.
Mécanismes pathogeniques de Ia phase précoce de l'insuffisance
rénale aiguë induite par Ia norépinéphrine: Correlations histolo-
gique et fonctionnelle de Ia protection. Ce travail étudie l'effet
protecteur de l'expansion aigue du volume extracellulaire (25%) au
moyen de solute sale isotonique, de mannitol isotonique ou de
mannitol hypertonique dans un modèle d' insuffisance renale aiguë
(ARF) unilatérale induite par Ia norCpinéphrine (NE). Trois heures
après une perfusion de 40 mm de l'artCre rénale avec NE (0,75 g/
kg/mm), Ia clearance de l'inuline passe de 54, 1 6,5 a 1,3 1,3
mI/mm chez les chiens non traités et chute de facon semblable (P
= NS) a 3,3 1,5 mI/mm chez les chiens dont Ic volume extracel
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lulaire a préalablement subi une expansion au moyen de solute sale
a 0,9% (0,75 mI/kg/mm). Au contraire, Ia clearance de l'inuline est
significativement supérieure a celle des animaux non traités trois
heures après Ia perfusion de NE quand une expansion préalable a
été réalisée par le mannitol a 5% (9,2 2,5 mI/mm, P <0,01) ou a
20% (16,6 3,9 mI/mm, P < 0,01). Les effets protecteurs du
mannitol 5% et 20% ne sont pas significativement différents. La
récupération de Ia fonction d'excrétion dans tous les groupes,
évaluCe par Ia clearance de l'inuline trois heures après NE, est
correlCe avec l'importance du debit de solutés avant NE (r =
0,612, P < 0,001) et avec Ia clearance osmolaire (r = 0,593, P <
0,001), mais non avec Ia clearance de l'inuline avant l'induction de
ARF (r = 0,233, P = NS), ni avec Ic debit sanguin renal (r =
0,249, P = NS). En presence d'une chute importante de La clear-
ance de l'inuline les pressions tubulaires proximales (PT) chez les
chiens non traités, a Ia 3ème heure après NE, sont egales aux
valeurs contrôles (26 II et 25 2 mm Hg). Au contraire, le
traitement prealable par le mannitol isotonique determine une
augmentation des pressions de PT a Ia fois avant (45 4 mm Hg,
P < 0,05) et trois heures aprés NE (38 5 mm Hg, P < 0,05).
Dans tous les groupes d'animaux a 3 et 24 hr aprés NE, des lesions
tubulaires ont été observées mais I'architecture glomerulaire est
normale en microscopie photonique et electronique. En conclu-
sion, l'effet protecteur du mannitol dans ce modèle reversible
d'ARF n'est pas correlé avec Ia clearance de I'inuline, le debit
sanguin renal, le volume extracellulaire, l'hypertonicité du liquide
extracellulaire ou les modifications histologiques rCnales, mais
avec le debit d'excrCtion de solutes. L'augmentation des pressions
de PT sous mannitol, a Ia fois avant et après NE, pourrait contri-
buer a l'effet protecteur en limitant une éventuelle obstruction
intratubulaire.
Even though intensive investigaton has been un-
dertaken during the past two decades, a unifying
concept has not emerged that will explain the renal
excretory defect of acute renal failure (ARF). Affer-
ent arteriolar vasoconstriction and efferent arteriolar
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vasodilation [1], tubular backleak of filtrate [2, 31
and tubular obstrucion [4, 51 have all been proposed.
These widely differing theories no doubt reflect in
large part the differences that exist between various
experimental models of ARF.
In a recent study from the laboratory, a reversible
ischemic model of ARF was developed with a de-
rangement in renal function that closely parallels
human ARF [61. A 40-mm intrarenal norepinephrine
(NE) infusion, modified from a technique described
by Knapp et al [7] and Cox et al [8], produced ARF
with a reversible course. In the present studies, the
pathogenesis of this 40-mm NE model of ARF was
investigated by examining the previously described
protection against ARF of acute volume expansion
[9, 10], osmotic diuresis [11, 12], and extracellular
fluid (ECF) hypertonicity [13]. Light and electron
microscopic studies were performed to determine
whether characteristic histologic abnormalities ac-
compamed the functional defect and thus might have
a causal role in producing ARF.
Methods
Experiments were performed on mongrel dogs of
either sex weighing 22 to 32 kg. Food was withheld
for 18 hr, and water was allowed ad jib, After being
anesthetized with pentobarbital (30 mg/kg) given i.v.,
the animals were intubated and ventilated with a
Harvard respirator. Light anesthesia was maintained
throughout the experiment by the intermittent i.v.
administration of small doses of pentobarbital.
Through bilateral retroperitoneal flank incisions,
catheters were placed in both ureters and renal
veins, and one renal artery was isolated for place-
ment of an electromagnetic flow probe (Carolina
Medical Electronics, Inc., King, N.C.). During dis-
section, care was taken to prevent damage to the
renal nerves. After control clearance determinations
(described below), an angiographic catheter, French
7-8 (Cordis Corporation, Miami, Fla.), was intro-
duced into a femoral artery and manually guided into
one renal artery. The catheter was carefully posi-
tioned in the main renal artery to avoid obstructing
the flow of blood. Streaming of the injected NE in the
renal artery did not appear to occur since the drop in
renal blood flow (RBF) to zero following the NE
infusion was rapid and complete within approxi-
mately 30 sec. For the 24-hr studies, the catheter was
placed using fluoroscopy and dye injection. Mean
arterial blood pressure was measured from a brachial
artery catheter with a Statham transducer (Statham
Instruments, Inc., Oxnard, Calif.). Surgical fluid
losses were replaced in each animal with 100 to 200
ml of isotonic saline. Clearance of inulin and para-
aminohippuric acid (PAH) were measured by stan-
dard techniques. PAH clearances were corrected for
extraction. Total plasma protein was measured by
the Technicon autoanalyzer method. Plasma and
urine osmolality determinations were made on
anosmometer (Advanced Instruments, Needham
Heights, Mass.). The experiments were begun after a
60 to 90-mm equilibration period. During the experi-
mental periods, three 5 to 10-mm urine samples were
obtained, and arterial and renal vein samples were
collected at the midpoint of alternate urine collec-
tions. The following four groups of experiments were
performed.
Group 1: NE-induced unilateral ARF in untreated
animals, In seven animals, NE (0.75 g/kg/min) was
infused into one renal artery for 40 mm, and the
catheter then was withdrawn. Urine collections were
obtained before, during, and 3 hr after completion of
the NE infusion.
Group 2: NE-induced unilateral ARF following 30
mm of i.v. isotonic saline. The effect of acute volume
expansion in the prevention of ARF was studied in
this group. In 10 animals, the 40-mm NE infusion
was preceded by a 30-mm i.v. infusion of isotonic
saline (0.75 mI/kg/mm). Once the NE infusion was
started, the saline infusion rate was decreased to a
rate equalling urine flow of both kidneys for the
remainder of the experiment. Urine was collected
during the control period, at the midpoint of saline
infusion, at the midpoint of NE infusion, and 3 hr
after completion of the infusion.
Group 3: NE-induced unilateral ARF following 30
mm of i.v. isotonic mannitol. In 10 animals, the
protective effect of osmotic diuresis produced by 5%
isotonic mannitol (osmolality, 280 mOsm/kg/water)
was examined in animals with volume expansion
similar to group 2. The mannitol infusion rate and
urine replacement rate were the same as those used
for group 2.
Group 4: NE-induced unilateral ARF following 30
mm of i.v. hypertonic mannitol. The role of cell-
swelling in this model of ARF and its prevention by
plasma hypertonicity was examined in this group.
The 30-mm infusion rate of 20% hypertonic mannitol
(osmolality, 1130 mOsm/kg/water) in these 10 ani-
mals prior to the NE infusion was administered at 0.2
mllkglmin, a rate that provided approximately the
same solute load as 30 mm of isotonic saline or
isotonic mannitol. After beginning the NE infusion,
the mannitol infusion rate was reduced to 0.1 mI/kg!
mm for the remainder of the experiment.
Tubular pressure studies Ten additional animals
were prepared for simultaneous micropuncture stud-
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ies. A servonull device was used to measure tubular
pressures at 3 hr after the NE infusion in five un-
treated dogs and in five dogs receiving isotonic man-
nitol as described above. At least five measurements
were made at each time and then averaged to pro-
duce a single measurement for each dog at each time.
Morphologic studies 3 and 24 hr after NE-induced
ARF. Light, scanning (SEM), and transmission elec-
tron microscopy (TEM) were performed in animals
of each experimental group both 3 and 24 hr post NE
infusion. The kidneys were fixed in vivo in the fol-
lowing manner. Loose ligature snares were placed
above and below a short segment of aorta that in-
cluded both renal arteries. One-half strength Kar-
novsky's fixative [141 buffered with potassium phos-
phate was perfused into this aortic segment through a
16-gauge needle, with a monitored perfusion pres-
sure maintained equal to or slightly greater than
mean arterial pressure. When the solution was flow-
ing well, the ligature snares were tightened, restrict-
ing flow of fixative to the renal arteries. The renal
veins were then cut to allow free flow of fixative out
of the kidneys. A total of 300 to 400 ml of fixative was
used in each animal. Histologic sections of cortex
were studied in six animals from group 1 (three at 24
hr), five animals from group 2 (three at 24 hr), four
animals from group 3 (three at 24 hr), and six animals
from group 4 (three at 24 hr). The method for tissue
preparation and viewing with TEM and SEM have
been described previously. [151.
Data analysis. Standard formulae were used to
calculate inulin clearance, RBF, and osmolar clear-
ance. The degree of ECF volume expansion induced
by saline or mannitol was estimated from the change
in total plasma protein concentration using the fol-
lowing equation:
TPP1Volume expansion (%) = —1 X 100,
TPP2
where TPP1 and TPP2, respectively, refer to the total
plasma protein concentrations prior to and following
infusion of the expanding solutions.
Statistical analysis was performed by analysis of
variance following stabilization of variances by loga-
rithmic transformation. Scheffe's test was used to
identify differences within groups [161, and Dun-
can's Multiple Range Procedure was used to identify
differences between groups [17]. Regression analysis
was used to correlate the degree of protection with
functional parameters. Data are expressed as mean
value SEM. A P value of < 0.05 was considered
Results
Effect of pretreatment with isotonic saline, iso-
tonic mannitol, or hypertonic mannitol on the devel-
opment of NE-induced ARF (Tables 1—3). These
studies compared the protection provided by acute
volume expansion, osmotic diuresis, and plasma hy-
pertonicity to the course observed in untreated ani-
mals. The infusion rates for isotonic saline, isotonic
mannitol, and hypertonic mannitol were chosen to
provide a similar solute load and thus similar degrees
of ECF volume expansion prior to the NE infusion.
Using changes in total plasma protein concentration
as an estimate of acute volume expansion, the in-
crease in ECF volume was similar with isotonic
saline, isotonic mannitol, and hypertonic mannitol
groups, being 24.4 2.3%, 28.2 2.1%, and 22.6
4.5%, respectively. Thus, equivalent volume expan-
sion was present in these groups prior to the NE
infusion.
Inulin clearance. Table 1 shows the effect of the
NE infusion on the inulin clearance in the infused
and contralateral kidneys of groups 1—4. In each
group, urine flow fell to zero on the kidney infused
with NE. In untreated animals (group 1), the clear-
ance of inulin was severely depressed at 3 hr (1.3
1.3 ml/min) with no alteration in function of the
contralateral kidney. In spite of acute ECF volume
expansion with isotonic saline (group 2), inulin clear-
ance remained severely depressed at 3 hr as it did in
group 1. In contrast, animals pretreated with isotonic
Table 1. Effect of norepinephrine (NE) infusion on the inulin
clearance in the infused and contralateral kidneys of groups 1—4
Inulin clearaflee, mi/mm
Volume NE 3 hr
Control expansion infusion post NE
Group 1
Infused 54.1 — 0.0 1.3
Contralateral 58.9 — 64.2 52.7
2
Infused 47.8 48.7 0.0 3.3
Contralateral 45.3 49.8 42.6 46.7
Group 3
Infused 51.0 27.9 0.0 9.2a
Contralateral 49.3 32.3 33.0 29.3
Group 4
Infused 57.1 31.6 0.0 16.6a
Contralateral 55.0 34.5 31.8 23.8
significant. a P< 0.01 compared to group I at 3 hr.
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Table 2. The effects of norepinephrine (NE) infusion on
renal blood flow in the infused and contralateral kidneys
of groups 1—4
Renal blood flow, mi/mm
Volume NE 3 hr post-
Control expansion infusion NE
Group I
Infused 335 — 0.00 122 (5)
Contralateral 381 — 354 337
Group 2
Infused 301 297 0.00 14I' (6)
Contralateral 272 299 243 222
Group 3
Infused 305 226 0.00 135b (9)
Contralateral 292 229 247 188
Group 4
Infused 338 251 0.00 161 (9)
Contralateral 341 281 285 188
mannitol (group 3), achieved a partial but significant
recovery of inulin clearance at 3 hr (9.2 2.5 mLtmin,
P < 0.01) when compared to group 1. Similarly,
group 4 animals pretreated with hypertonic mannitol
showed significant recovery of inulin clearance 3 hr
after the infusion (16.6 3.9 mllmin, P < 0.01).
Recovery at 3 hr was not statistically different be-
tween groups 3 and 4.
Renal blood flow. The effects of the NE infusion
on RBF in groups 1—4 are shown in Table 2. The
number of RBF determinations 3 hr after the NE
infusion was reduced since anuria or low PAH ex-
traction in some animals precluded reliable measure-
ments by this method. In other animals, sustained
NE-induced changes in renal artery diameter pre-
cluded a satisfactory flow probe fit. The mean values
shown represent a combination of PAH and flow
probe readings. Volume expansion in groups 2—4
produced no statistical change in RBF measure-
ments, although a consistent fall in the mean value
was noted in both kidneys of groups 3 and 4. By
experimental design, RBF in the infused kidney was
reduced to zero throughout the NE infusion as docu-
mented by electromagnetic flow probe. No change
was seen in the contralateral kidney. Three hours
after the NE infusion, RBF in group I measured only
36% of the contralateral kidney (122 16 vs. 335
37 mllmin, P <0.01). At 3 hr after the NE infusion in
groups 2—4, however, RBF in the infused kidney was
somewhat lower but was not statistically different
from the contralateral kidney.
Urine flow rates and solute excretion. The urine
flow rates for the infused kidney of groups 1—4 are
Table 3. Effect of norepmephrine (NE) infusion on renal excretion in infused kidneys of groups 1—4
Renal excretion, ml/,nin
3 hr
Control Volume expansion NE infusion post NE
Group 1
Urine flow 0.37 — 0.00 0.02
Osmolar clearance 1.11 — 0.00 0.03
Group 2
Urine flow 0.29 l.53a 0.00 0.56
Osmolar clearance 1.02 1.86 0.00 0.64
Group 3
Urine flow 0.29 3.63a 0.00 1.08
Osmolar clearance 1.08 4.19a 0.00 1.31
Group 4
Urine flow 0.41 3.6la 0.00 2.80
Osrnolar clearance 1.47 4.27 0.00 3.55
a p < 0.05 compared with control.
a Parentheses denote number of observations. See text
for statistical analysis method.
h Mean data included PAH and electromagnetic flow
probe determinations. See Results for explanation.
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presented in Table 3. Only group 1 animals demon-
strated postinfusion oliguria at 3 hr (0.37 0.11 to
0.02 0.01 mI/mm, P < 0.001). Isotonic saline,
which did not improve the measured inulin clearance
or RBF, did prevent oliguria (0.29 0.06 to 0.56
0.29 mI/mm, P = NS). During volume expansion,
urine flow rates were increased significantly over
control values in groups 2—4. Osmolar clearance
rates (Cosm) during volume expansion, however,
were significantly increased over control only in
group 3 (0.08 0.11 to 4.19 0.28 ml/min, P <0.05)
and in group 4 (1.47 0.20 to 4.27 0.46 mI/mm, P
<0.05). When recovery of renal excretory function,
expressed as 3-hr post-NE inulin clearance, was
compared with pre-NE Cosm, solute excretion rate,
and urine flow rate in groups 1—4, there was a signifi-
cant correlation (r = 0.593, P <0.001: r = 0.612, P
< 0.001; and r = 0.516, P < 0.001; respectively).
Recovery of excretory function, however, did not
correlate with the pre-NE inulin clearance (r =
—0.233, P = NS) or RBF (r = —0.249, P = NS).
Blood pressure and plasma osmolality. During the
initial 10 to 15 mm of the NE infusion, before a stable
blood pressure was achieved, transient elevations of
mean arterial pressure of 50 to 100 mm Hg above
control were not uncommon. During the last 15 mm
of the NE infusion, however, a significant increment
in blood pressure over control was observed only in
groups 2—4, being 27, 24, and 23 mm Hg, respec-
tively (Table 4).
Plasma osmolality (Posm) during the experimental
periods was unchanged from control in groups 1—3,
but it rose progressively in group 4 (Table 4). Despite
this significant and progressive increase in plasma
tonicity, however, hypertonic mannitol provided sta-
tistically no greater protection from ARF than iso-
tonic mannitol did.
Tubular pressure studies. Proximal tubule (PT)
pressures averaging 23 4 mm Hg were observed
during control in untreated animals. In mannitol-
treated dogs, control PT pressures were 25 2 mm
Hg; during the mannitol infusion, PT pressures rose
to 45 4 mm Hg (P < 0.05). At 3 hr after the NE
infusion, PT pressures remained elevated at 38 5
mm Hg in the mannitol-treated animals and at "nor-
mal" levels of 26 11 mm Hg in untreated animals.
Light microscopy. Except for the mild mesangial
hypercellularity seen in some animals, the glomeruli
appeared normal at 3 and 24 hr in both infused and
contralateral kidneys. Proximal tubular necrosis was
uniformly seen in the infused kidney regardless of
the experimental group; this necrosis was more pro-
nounced at 24 hr. Proximal tubules of contralateral
kidneys were normal. Figure 1 shows a section taken
from an animal of group 2, 24 hr after NE infusion at
a time when inulin clearance was 4.0 mi/mm. Proxi-
mal tubular cells are necrotic and lumens are filled
with amorphous debris. Figure 2, taken from an
animal of group 3, 24 hr after NE infusion at a time
when inulin clearance was 21.3 mllmin, shows that
extensive proximal tubular necrosis is also present.
Distal tubules and collecting ducts frequently con-
tained cellular debris and casts but were not ne-
crotic. One infused kidney, however, from group 1
examined at 3 hr and one from group 2 viewed at 24
hr contained areas in which the necrosis of both
proximal and distal tubules suggested a much more
severe type of injury such as cortical necrosis or
infarction.
Animals in groups 3 and 4 with good protection
against ARF tended to have widely patent proximal
and distal tubules (Fig. 2) despite proximal tubular
necrosis, while unprotected animals in groups 1 and
2 had few open proximal tubules (Fig. 1). Polymor-
phonuclear leukocytes were frequently seen in both
infused and contralateral kidneys.
Table 4. Effect of norepinephrine (NE) infusion on blood pressure and plasma osmolality in groups 1—4
Blood pressure, mm Hg Plasma osmolality, mOsm/kg/H20
Volume NE 3 hr Volume NE 3 hr
Group Control expansion infusion post-NE Control expansion infusion post-NE
1 145 — 155 l22 317 — 323 317
2 141 145 i68 139 316 319 320 318
±6 ±6 ±8 ±5 ±4 ±3 ±2 ±2
3 136 15? 16O 133 320 320 325 317
±3 ±6 ±6 ±6 ±3 ±3 ±4 ±2
4 131 141 154 127 315 331 341 3595
±5 ±5 ±9 ±2 ±3 ±3 ±7 ±5
P < 0.05 compared with control value.
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Fig. 1. Light micrograph 24 hr after norepinephrine infusion n an ani,nal from group 2 at a
lime when inulin clearance was 4.0 mi/mm. The glomerult s is histologically normal, but
proximal tubular cells are necrotic and lumens are filled with amorphous debris. (Magnilica-
tion, x432.)
Electron Microscopy. SEM and TEM were per-
formed in animals from each group 3 hr and 24 hr
after NE infusion. Except for occasional instances
of mild mesangial hypercellularity, no consistent
change was seen in the shape of glomerular podo-
cytes in any experimental group at 3 and 24 hr using
TEM, even in a kidney producing no urine 24 hr after
the infusion (Fig. 3). The above cited "infarcted"
kidney from group I with global (proximal and distal
tubules) histologic damage, however, did show
marked loss of podocyte processes, lifting of podo-
cytes from the basement membrane, fibrin deposi-
tion, and endothelial damage. Some simplification in
glomerular cell shape also was seen in the 'in-
farcted" kidney from group 2 cited above.
With the exception of these two kidneys, examina-
tion of glomeruli from groups 1—4 by SEM also
demonstrated no consistent abnormality. Regardless
of group, the epithelial cell body and the interdigitat-
ing podocytes were normal at both 3 and 24 hr after
the infusion in almost every case. Figure 4 shows
normal glomerular architecture from an infused kid-
ney of group 1 24 hr after the infusion, at a time when
the whole kidney inulin clearance measured 1.6 ml!
mm. Figure 5 is a low power scanning electron ml-
crograph at 24 hr showing extensive necrosis of the
tubules surrounding a normal glomerulus in an in-
fused kidney of group 3 that had an inulin clearance
of 29.8 mllmin.
Fig. 2. Light micrograph 24 hr after norepinephrine infusion in an
animalfrom group 3 at a time v.'hen inulin clearance was 21.3 ml!
mm. Despite extensive cellular necrosis, proximal tubular lumens
are patent. (x386.)
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FIg. 3. Trans,nission electron micrograph 24 hr after norepinephrine infusion from an anuric
kidney of group 2. Epithelial podocytes, basement membrane, and endothelial surface are
normal. (x19,380.)
Discussion
The present study was undertaken to characterize
the renal functional and histologic features of the
initiation phase of NE-induced ARF in the dog. Un-
like the 2-hr intrarenal NE infusion model [7, 81,
which produced irreversible functional and anatomi-
cal renal damage in the dog [6], a 40-mm NE infusion
when administered to uninephrectomized animals
was characterized by reversible alterations in renal
excretion, renal concentrating ability, and plasma
renin activity similar to those seen in clinical ARF
[61. In comparing the effect of a 2-hr vs. a40-min NE
infusion at 8 weeks, 50% offunction had returned to
the kidney infused for 40 mm, while the kidney
infused for 2 hr had virtually no RBF, was anuric,
and had lost 75% of its mass [6]. Therefore, the
characteristics of the 40-mm NE infusion model sug-
gest that it is a more appropriate model for investiga-
tion of the initiation phase of ARF.
Studying measures that prevent the development
of experimental ARF has provided important in-
sights into pathogenesis [9, 10, 18—22]. In these ear-
lier studies, as well as in the present study, protec-
tive measures presumably operate by blocking or
altering a pathogenic process that unopposed would
lead to ARF. In the present study, several measures
were utilized to explore the pathogenesis and pre-
vention of this experimental model of ARF.
Previous studies have suggested that both isotonic
saline and isotonic mannitol prevent ARF primarily
by mechanisms related to the acute expansion of the
ECF volume [9, 10]. Such a conclusion is not sup-
ported by the present results. In spite of comparable
expansion of the ECF volume, the mannitol infu-
sions were demonstrated to be clearly more effective
than isotonic saline in attenuating the severity of this
experimental NE model of ARF.
In the present study, acute ECF volume expansion
with isotonic saline was not totally ineffective, since
a nonoligunc rather than an oliguric model of ARF
was produced when isotonic saline was infused prior
to the NE insult. Nevertheless, the level of renal
function, as assessed by inulin clearance, was not
different in the saline-treated group as compared to
the untreated group at 3 hr after the NE infusion. The
clinical value of converting oliguric ARF to a nonoli-
guric variety of ARF has been argued, but recent
clinical evidence suggests a lower morbidity and
mortality for patients with nonoliguric vs. oliguric
ARF [25].
This beneficial effect of mannitol also was not
dependent on the hyperosmolality of the solution,
since both isotonic and hypertonic mannitol were
capable of restoring renal function. This observation
is in contrast to findings in rats in which ARF was
produced by occlusion of the renal artery [13]. In
these animals, hypertonic mannitol, but not isotonic
mannitol or isotonic saline, restored renal function.
On the basis of these previous results, we concluded
that the primary beneficial effect of hypertonic man-
nitol was attributable to the prevention of swelling of
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Fig. 4. Scanning electron micrograph of glomerular capillary loop 24 hr after norepinephrine
infusion from a kidney of group 1 with an inulin clearance of 1.6 mI/mm. Interdigitating
epithelialpodocytes are normal. (x2 1,090.)
glomerular endothelial cells rather than to any effects
related to acute ECF volume expansion. Our results
demonstrate that mannitol may exert a beneficial
effect in the absence of any change in plasma osmo-
lality, and thus presumably a change in cell size.
Also, in support of these results is the recent work by
Frega, DiBona, and Leaf [231. These authors found
that the morphologic cell-swelling previously ob-
served in the rat after renal artery clamping is a
transient phenomenon which is not observed 2 hr
after release of the occlusion even though the ARF
persists. Also, prolonged renal arterial occlusion in
the dog was not associated with the "no-reflow"
phenomenon, and in fact, after release of the arterial
clamp, the RBF may increase transiently to a level
above control values [241.
The histologic studies provided further important
information about the protective effect of mannitol.
Morphologic evaluation in all four groups demon-
strated severe tubular necrosis. The tubular necrosis
occurred primarily in the proximal tubules and its
severity did not correlate with the degree of func-
tional protection. Severe and extensive tubular ne-
crosis was observed not only in the untreated and
saline-treated animals but also in those animals
which received isotonic or hypertonic mannitol. A
similar lack of correlation between tubular necrosis
and functional protection has been noted in mer-
curic-chloride-induced ARF in the rat [21]. In this
experimental model, chronic saline-loading for 2
weeks prevented functional ARF but not tubular
necrosis.
Although abnormalities in glomerular histology
have been noted in NE [81, glycerol- [26], and ura-
nyl-nitrate [3] induced ARF, the present results indi-
cate that the primary histologic lesion of this reversi-
ble NE-induced model of ARF occurs in the
proximal tubule and not in the glomerulus. Light and
electron microscopic studies of glomeruli from ex-
perimental kidneys of each group did not show a
consistent morphologic abnormality. It should be
mentioned that glomerular epithelial podocyte ab-
normalities similar to those seen after a 2-hr NE
infusion [8] were observed in one animal in group I
and one animal in group 2. In both of these speci-
mens, however, widespread necrosis of all nephron
structures indicated a much more severe type of
morphologic injury than was present in the other
kidneys studied; these findings favored a diagnosis of
cortical necrosis or segmental infarction. With the
exception of these two kidneys, glomerular histology
by TEM and SEM was normal independent of the
level of renal function. Thus, our findings of severe
functional renal impairment and normal glomerular
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Fig. 5. Low power scanning electron micrograph 24 hr after
norepinephrine infusion from a kidney ofgroup 3 with an inn/in
clearance of 29.8 ml/,nin. The central glomerulus is normal, but
the surrounding tubular structures are filled with necrotic cellular
debris. (x442.)
architecture do not provide histologic support for a
role of altered glomerular permeability in the initia-
tion phase of the 40-mm model of NE-induced ARF.
In contrast, Cox et al, using the 2-hr NE model of
ARF, noted a marked distortion of glomerular epi-
thelial foot processes in the presence of adequate
RBF and no measurable glomerular filtration 48 hr
after the NE infusion [8]. These morphologic find-
ings suggested to these authors that an alteration in
glomerular permeability had occurred and was the
cause of the excretory failure. The difference in the
severity of functional impairment no doubt explains
these observed differences in the histologic appear-
ance of glomeruli in the 40-mm vs. the 2-hr NE
model of ARF. It should be emphasized, however,
that histologic studies alone cannot exclude totally a
role for diminished glomerular permeability in the
pathogenesis of ARF. In this regard, Blantz [27]
demonstrated a decrease in total glomerular permea-
bility early in the course of uranyl-nitrate-induced
ARF in the rat at a time when glomerular histology
was normal by electron microscopy.
The administration of mannitol in certain circum-
stances may increase glomerular filtration rate [28,
29] and RBF [30]. In the present study, however, it
is unlikely that such renal hemodynamic changes
accounted for the protection afforded by mannitol.
During the mannitol infusions, the inulin clearance
and RBF actually fell both in experimental and con-
tralateral kidneys prior to NE infusion and decreased
progressively in the contralateral kidney in the post-
infusion period. The fall in RBF during mannitol
infusion was unexpected but not unprecedented.
Baldwin, Lowenstein, and Chasis [31] using PAH
clearance with extraction in humans also docu-
mented a transient fall in RBF during mannitol infu-
sion. In contrast, inulin clearance and RBF either
remained unchanged or increased during the saline
infusion. The consistent fall in inulin clearance ob-
served during the mannitol infusion has been re-
ported previously to occur in man [31], dog [32], and
rat [33]. This effect is most likely due to an increase
in intratubular pressure: and during a mannitol di-
uresis, glomerular filtration rate varies inversely with
the level of intratubular pressure in the rat [33]. The
temporary and thus functional nature of this reduc-
tion in inulin clearance has been demonstrated by the
return of inulin clearance to normal following the
excretion of mannitol [31].
Thus, the protective effect of mannitol as com-
pared to saline infusions could not be attributed to a
greater increase in ECF volume, ECF osmolality,
glomerular filtration rate, or RBF before the insult or
to the degree of tubular or glomerular histological
damage after the insult. A major remaining differ-
ence between the saline and mannitol studies, how-
ever, was the higher solute excretion and osmolar
clearance rates prior to the NE insult in the mannitol
group. The importance of a solute rather than water
diuresis in protecting against ARF also has been
underscored in rats with hereditary diabetes insip-
idus. The high flows of dilute urine characteristic of
this species were not found to be protective against
glycerol-induced ARF [18].
The protective effect of long-term saline-loading in
ARF has been attributed to its ability to suppress
intrarenal renin levels [19, 21, 22]. Recently, how-
ever, work by Thiel et al [20] indicated that the
protective effect of chronic saline-loading correlates
best with the induction of a chronic solute diuresis
rather than a suppressive effect on renal tissue renin
levels. Also, in a recent study from our laboratory,
prevention of NE-induced ARF by furosemide cor-
related best with the induction of a solute diuresis
rather than changes in RBF [34]. Thus, the protec-
124 Cronin et a!
tion against ARF seen with mannitol diuresis,
chronic saline-loading, and ioop diuretics may well
depend upon a common ability of each to enhance
intratubular flow rate and thereby promote a solute
diuresis.
Since recent micropuncture studies in the rat have
shown tubular obstruction early in NE-induced ARF
[351 and postischemic ARF [4, 5], micropuncture
measurements of tubular pressures were performed
in the present study in an attempt to determine if
mannitol-induced protection against ARF was asso-
ciated with an alteration in intratubular pressure.
Normal rather than low proximal tubule pressures
were observed 3 hr after the NE infusion in untreated
dogs with very low inulin clearances, thus suggesting
the possibility of relative tubular obstruction.a In
mannitol-treated dogs, proximal tubule pressures
were significantly higher both during mannitol vol-
ume expansion as well as 3 hr after the NE infusion.
This effect of mannitol on proximal tubule pressure
is in agreement with the two to threefold rise in
intratubular pressure seen in normal rats during man-
nitol diuresis [36]. The present results, therefore, are
compatible with the proposal that the increased in-
tratubular pressures observed with mannitol may
lessen the development of intratubular obstruction
and thereby contribute to the protection against
ARF. Additional tubular and vascular pressure mea-
surements conducted at 1, 2, 3, and 24 hr after NE
infusion in both untreated and mannitol-treated ani-
mals support this hypothesis [37]. Although we can-
not exclude that some tubular backleak occurred in
our model of ARF, it would be difficult to reconcile
this hypothesis with the fact that in the mannitol-
treated animals, urine flow and inulin clearance were
significantly higher than they were in animals of
group 1 and 2 at 3 hr after NE infusion. If backleak of
inulin happened, then an even greater backleak of
mannitol, which is a smaller molecule, should have
occurred, rendering it difficult to explain both its
osmotic and protective effect.
Summary. In the present study, the effect of man-
nitol to protect against this ischemic NE model of
ARF was dissociated from the extraluminal effects of
mannitol on ECF volume expansion, ECF osmolal-
ity, glomerular filtration rate, and RBF. Also, the
protective effect of mannitol was dissociated from
a Normal tubular pressure is a function of normal renal function.
When RBF is only 50% ofnormal, FT pressure falls drastically
(unpublished observations). Thus, PT of 22 to 26 mm Hg at 3 hr
in untreated animals is too high for the level of renal hemo-
dynamics at this time and might actually be "increased"
relatively although not absolutely.
histologic abnormalities in the glomeruli and renal
tubules. The protective effect of mannitol did corre-
late with high solute excretion rates and the genera-
tion of high intratubular pressures. On the basis of
these findings, the protective effect of mannitol may
be mediated by high intratubular pressure and flow
rates which attenuate or prevent any component of
intratubular obstruction in ischemic ARF.
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